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ABSTRACT
The use of composite materials has become more prevalent in recent years. Not
only has the range ofapplications grown, but the configuration of the composite materials
has increased in scope as well. The combination of high strength to weight, ability to
tailor strength directionally and acoustic properties have pushed the development of
fabrication techniques and application for increasingly thick load bearing composites.
This project was developed with the desire to study these structures in a manner
that would lead to advances in applications and greater understanding of the mechanics
involved. Specifically, the response of a thick composite panel fabricated from a woven
carbon fiber reinforced polymer epoxy in a clamped bolted joint configuration and the
strength of the composite-bolt interface for an applied bending load are evaluated. This
study adds to the body of knowledge regarding this configuration, develops an FEA
model that will allow study of similar configurations for evaluation without the extensive
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1.0 Introduction
While engineering is certainly no longer in its infancy and much is understood
regarding many materials and the principles underlying the response of these materials to
applied loads and constraints there are still many areas in which the knowledge base is
growing at a fast pace. The field of composites, and their applications, is one which is under
development with new understanding coming from many venues. While composites,
heterogeneous materials having two or more distinct phases, take many natural forms
including muscle, wood and bone it has only been in last fifty years that manmade composite
materials developed for engineering applications have been under serious development.
These materials often take the form of carbon, glass or ceramic fibers supported in a matrix
ofpolymer epoxies, metals or ceramics to provide a strong material that can be engineered to
give directionally tailored strength, weight to strength reductions, specific conductive
properties or other advantages.
Once primarily used for military, government and research applications, composites
have become more prevalent in industry and commercial applications such as aircraft and
automobiles as cost decreases and the benefits become better known. Along with increased
use has come a better understanding of the mechanics of composites, their formation and
potential uses. While there is a good understanding of the mechanics of composite materials,
much of that knowledge is empirical in nature with areas such as thick composites, while
studied to a great degree, is still not entirely defined.
Two methods of evaluation for composite materials are typically used. The
micromechanics approach, in which the interface of the fiber and matrix as well as the
specific orientation of the fibers within the material and to each other is analyzed. This
method provides a rigorous and complex method of evaluation that provides knowledge of
local effects, but is often too complicated for large-scale applications. Macromechanics is
also often used to study the global response of these materials to load and constraint
conditions. In this approach, the global properties of the material are determined, either
analytically or experimentally, and these properties used to evaluate the overall response of
the material to these conditions. The macromechanics approach often lends itself well to
evaluation of large-scale applications or those in which the boundary conditions are complex.
This approach is often used in conjunction with computer and finite element analysis (FEA)
techniques to provide an understanding of the response of composites in various applications
and configurations.
It is the intention of this paper to study the response ofa thick load bearing composite
panel in a bolted joint configuration and compare this response to a computer generated finite
element analysis model. Parameters under consideration in the study include the response of
a composite panel with a small length to thickness ratio (1/t < 10), the effects of loading the
panel in bending, and the response of the panel to a clamped bolted joint boundary condition.
The quasi-isotropic panel was fabricated and tested experimentally. An FEA model using
global orthotropic properties was developed to correlate the response of the panel to load and
boundary conditions so that other configurations could be studied analytically reducing the
cost and time associated with final configuration development.
The literature review section of this study provides an overview of relevant research.
The area ofmicromechanic evaluation is studied and provides an overview of the techniques,
mechanical, empirical and semi-empirical, that are used in the study of local response and
provides a background for understanding some of the problem encountered in this approach.
Research and results in the areas of composites with holes, thick composites, composites in
bending and bolted composite to metal joints are also reviewed. These results provide a look
at some methods of solution as well as the use of orthotropic properties in the evaluation of
these cases. The theory and laminate example chapters provide a framework for the
development of the constitutive equations associated with composite laminates and show the
development of these equations for an eight ply quasi-isotropic panel. Fabrication and testing
of the composite materials to develop a property database as well as the fabrication, fixturing
and testing of the thick panel is discussed in the experimental results. The FEA model
development, boundary conditions and results are discussed and correlated with the
experimental data for discussion and further recommendation. Finally, a spreadsheet based
laminate property determination program, raw test data, fixture specifications and fabrication
documentation is included in the appendices.
2.0 Literature Review
The study of composite materials is an area in which the addition of advances in
analysis techniques, especially computer tools in the form of Finite Element Analysis (FEA)
techniques, have added much to the capabilities of engineers and scientists in recent history.
Composite materials are those materials that are formed of a single material or multiple
materials with two or more distinct phases that are typically quite distinct in terms ofmaterial
properties. These materials usually involve a fiber, often glass, carbon or metal in a
continuous medium, or matrix, such as a polymer or ceramic. Evaluating the properties of
these composite materials is a field in which much work is being done and, at the same time,
a field in which there is much to study and learn.
Determination of the overall material properties can be accomplished in two ways.
On a micro-mechanical basis, the evaluation of the individual properties of the reinforcing
fiber and the supporting matrix as well as the interface between them and the form of the
composite structure can be used to provide a basis for the overall composite properties. One
such method of determination is the generalized self-consistent scheme (GSCS) shown in an
expanded form [1] to be sufficient to determine the five necessary independent elastic moduli
for a uni-directional, transversely isotropic, material with N fibers. In this scheme, the fiber
and matrix stiffnesses, coupled with their respective volume fractions are considered in the
context of the average strain of the material in order to determine the overall properties of the
composite.
It has been suggested [2] that single-layer theories, such as that discussed, which treat
the laminate as a single anisotropic body are insufficient and further consideration should be
given to multi-layer theories. In this argument, the arguments for treatment of the laminate
as a single layer are insufficient because they neglect the shear and normal stresses through
the thickness of the body. It is pointed out that these classical theories are not very accurate
in computing these transverse stresses which can lead to delaminations because the strain
constraints imposed lead to discontinuities in the stress field. Instead, it is suggested that
simultaneous constraints be placed on the stress and strain fields. In this case, constraints
would be applied to the total stress and elastic strain fields, or to the total strain and elastic
stress fields which are related through the linear elastic constitutive equation. In this
treatment, the total strain and the elastic stress in the through thickness direction vanish while
allowing for localized stresses and strains in this direction. These localized stress and strain
fields can then be used to predict failure of the laminate by interlaminar mechanisms without
compromising global constraints.
Other models have been investigated for woven fabric composites in order to
approximate their macroscopic properties. These composites, while reducing in-plane
stiffness and strength, improve impact and out-of-plane loading properties for applications in
which they are desirable. A two part series [3] investigates the properties of plain weave
fabric composites. In these papers, a set of models ranging from one and two dimensional
models taking fiber crimp, and subsequent straightening during load application, into account
for lamina to three dimensional models which work to account for the lamina interface for
laminate structures are studied. This study found that good correlation between experimental
and analytical results for lamina could be found with models which considered the load
direction fibers to be in parallel with each while the transverse fibers were modeled as being
in series. This model imposed the conditions that an in-series condition imposed a constant
stress state while the in-parallel condition required a constant strain state to be imposed. For
laminate evaluation, both a series-parallel and a parallel-series model were examined and
found to be in good agreement. Further models for woven fabric composites include one [4]
in which the laminate is considered as an array of identical three dimensional unit cells that
repeat through the structure. In this model as they correspond to axial, face diagonal, body
diagonal, face shear and diagonal shear loads. The strength of fiber reinforcements in a three
dimensional array can then be effectively modeled to show the response to out of plane
loading, an advantage over two dimensional or three dimensional models which fail to
accurately assess these properties.
Studies of composite laminates have shown that consideration must also be given to
transverse shear effects in these materials. In these studies, it has been shown that classical
analytical methods may be employed with success in determining the effects of shear
deformation in composite plates. It has been proposed [5] that a parameter, , when
introduced into the expressions for transverse shear resultants in the constitutive relations can
be adjusted to provide good correlation with exact theory though no evaluative method is
shown for determination of the factor value. Further work in this area [6] has addressed
stress discontinuities by assuming a continuous and constant shear stress across the thickness
while allowing the shear strain to be discontinuous. In this approach, it was shown that the
results more closely approach the exact solution while eliminating the need for a new shear
correction factor for each case while incorporating the transverse shear effects and satisfying
interface boundary conditions. Others have applied variational techniques and Castigliano's
least work theorem to provide a model for plates exhibiting midplane symmetry that
addresses point equilibrium conditions and external boundary conditions.
In addition to micromechanical models of composite lamina and laminates, and their
heavy computational toll, other analytical techniques are often used for analysis of composite
structures. These methods are especially of use in complex structures and for materials that
do not conform to easily analyzed microstructures such as textile weave composites. These
materials are often modeled using a finite element analysis (FEA) with several approaches
possible. The structure may be modeled using global approach in which the material
properties are
'smeared'
with generalized properties in the primary coordinates, determined
through composite theory or experimental analysis, used to provide a homogeneous,
non-
isotropic, set of material constants that can be used in the analysis. This may be especially
attractive for initial analysis, verification of expected experimental results, or materials that
exhibit strong planes of symmetry. On the other end of the spectrum are analyses that
provide for a macromechanical model of the composite structure which attempt to take into
account the individual materials in the composite, their geometry and interface conditions.
While the first method is relatively straight-forward in comparison to development of a
micromechanical FEA model and much less costly in terms of computational effort, it is
sometimes not adequate to the required level of analysis. An intermediate method is the
global/local method [8] in which a small area is intended to be under greater scrutiny than the
whole. In this analysis the structure is modeled using global properties except in the area of
interest in which a refined local mesh is used. This area can be known a priori or determined
through a global analysis and then refined in an iterative process. The local mesh and
analysis may be part of the global model or may be created as a secondary model in which
results of the global model are used as inputs into the secondary model. These inputs are
usually in the form of
displacements at nodal points in the global model.
Composite structure analysis, in addition to material property concerns, also requires
special consideration depending on the loading configuration and geometrically based stress
concentrations. Among these concerns are loading in bending, irregularities in geometry such
as those caused by the addition of holes, special clamping conditions and thick plates. In the
case of beam bending, warpage that exceeds the bounds normally seen in the application of
Saint Venant's principle may occur in composite beams. Hu [9] proposed a modified bending
theory less rigorous than the exact theory of elasticity showed merit in predicting the effects
of cross sectional warping at points where warpage changes abruptly such as fixed ends. In
this theory, he assumes that translation in the lateral direction is a function of x only (v is
constant through the thickness) while no such restrictions are placed on v as a function of y,
following the convention here of u, v and w signifying displacements in the x, y and z
directions. He showed that for a cross-ply fiberglass beam treated as homogeneous and
orthotropic with a high length to thickness ratio (30.6) and a width to thickness ratio of 4 the
results of the modified theory were found to better match the experimental results than
elementary theory.
Several studies have been done on the effects of holes in the strength reduction of
laminates. One of these [10] proposes the use of Tan's model [11] for the prediction of
strength reduction in finite width cross ply woven fabric plates loaded axially. In this study,
three laminate configurations were tested and an analytical model for correlation of the
strength reduction was proposed. A Strength Reduction Factor (SRF) is proposed (notched
strength / unnotched strength) for the cases studied. In this model it is proposed that a curve
co-radial with the hole and a characteristic distance d0 from the outside diameter of the hole
is chosen. When the stress at a point on this curve, or the average stress reaches the failure
stress of the unnotched laminate failure will occur. This model proposes a method for finding
the characteristic distance based on laminate stiffness and the unnotched strength as well as
for finding the reduced laminate stiffness after an individual ply failure so that the
characteristic distance can be recalculated and failure propagation can be predicted. Zhao et
al. [12] performed work along the same line, but for an elliptical hole for a plate in bending.
In this study, it was found that larger ratios of the ellipse resulted in a reduced characteristic
distance for the model.
In addition to the problem of notched composites, or those laminates with holes, the
analysis of bolted composite joints has also been studied in some depth. Chang et al. [13]
found that failure prediction models for these configurations underestimated failure strengths
by as much as 50 percent and worked to provide a model with better correlation. They used a
computer code and Finite Element Analysis with orthotropic properties to evaluate the failure
mechanisms in a double lap joint bolted configuration with axial loading to compare to
empirical results. The model assumed that the laminate was constrained through the
thickness and that strains were constant through the thickness preventing delamination type
failures. Failure prediction was correlated to failure stress being reached at a characteristic
distance from the hole. Evaluating the stresses in each ply, they found good correlation of
their model with test results. A similar model study was done [14] in which the effects of
bolted joints on composite laminates using two-dimensional elastic FEA model with
orthotropic properties was used to predict failure and failure mode in an axially loaded
specimen. Assuming finger tight perfect fit bolts and washers, the bolt-laminate interface was
modeled as a zero tangential displacement boundary condition. Orthotropic properties were
justified based on the fact that failure occurs in a damage zone parallel to one of the
orthotropic material axes whether in tension of shear out. This study found these assumptions
valid for the predictive model and that friction, considered at zero, intermediate and one
hundred percent values, contributed relatively little to the overall evaluation of the laminate.
He also found that net tension failure predictions for a bolted joint are similar to open hole
configurations and that quasi-isotropic lay-ups provided the best strength for this specimen.
This compares well with the evaluation by Tsujimoto et al. [15] which looked at
many of the same parameters. Using a two-dimensional orthotropic model and a rigid pin
with perfect fit and no non-linear contact effects this model used elastic properties to initial
failure then applied plastic properties to account for increased strain after initial failure.
Findings included the fact that a cosine pressure distribution at the hole to bolt interface
worked better than a fixed or cosine displacement field. They also found that net tension
failure is relatively insensitive to friction effects with zero friction modeling the laminate
most accurately and that the orthotropic model coupled with Hill's yield criterion was
suitable for the model.
For this body of work, findings from the studies will be applied, as applicable, to
facilitate the understanding of the component being evaluated. In particular, the use of
orthotropic properties, perfect fit interfaces and friction effects at interfaces are modeled
following some of the guidelines outlined above.
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3.0 Problem Statement
The use of composite materials has become more prevalent in recent years. Not only
has the range of applications grown, but the configuration of the composite materials has
increased in scope as well. The combination of high strength to weight, ability to tailor
strength directionally and acoustic properties have pushed the development of fabrication
techniques and application for increasingly thick load bearing composites. One application is
for commercial turbines and similar applications where the lighter structural weight can lead
to increased performance and less energy losses in the system under evaluation.
This project was developed with the desire to study these structures in a manner that
would lead to advances in applications and greater understanding of the mechanics involved.
Specifically, the response of a thick composite panel fabricated from a woven carbon fiber
reinforced polymer epoxy in a clamped bolted joint configuration and the strength of the
composite-bolt interface for an applied bending load are evaluated. It is the intent of this
study to add to the body of knowledge regarding this configuration and to develop a model




4.1 Physical Properties, Tensors, Notation and Transformations
From Mechanics of Materials and Linear Elasticity, the stress and strain in a solid
body are related through the physical properties of the material and represented by second
degree tensors. The physical properties of interest are the Modulus of Elasticity, or Young's
Modulus, E, the Shear Modulus, G, and Poisson's ratio, v. Tensors are a mathematical
convention for quantities which transform from one coordinate system to another by a
specified law. Tensors have a physical property and direction associated with them such that
the order of the tensor is indicative of the number of unit vectors associated with it. By this
convention, a zero order tensor would be a scalar quantity, a first-order tensor would have a
scalar quantity and an associated vector in one direction and a second-order tensor would
have a scalar quantity, and two associated directions. In mechanics, these two directions are
usually the direction in which the quantity acts and the face that it acts upon, i.e. stress or
strain which act upon a plane in a given direction.
Standard convention, used here, for stress and strain is that the material at a point will
be represented as an infinitesimal parallelepiped as shown in Figure 4.1. We assume that for
this convention the outward normals to the surfaces are mutually perpendicular and that the
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Figure 4.1 Infinitesimal Stresses
Using indicial notation the properties of the material at a point are represented by c^
etc. where the first subscript (index) indicates the normal of the plane that is under
consideration and the second index indicates the direction in which the component acts.
Using the Einstein summation convention, repeated indices in a term or equation indicate a
summation of terms. For example, the equation a^
+ Xj
= 0 would represent:
<rn + a12 + a13 + X,
= 0,
a21 + CT22 + ^23
"*"
X2 0,





A comma between indices indicates a differential (i.e. ct12 represents -). The
dx2
Kronecker delta &ti, also used, is defined such that when the indices are identical, 5i} =1,
when different, 8^
= 0.
Coordinate rotation of a set of physical properties is accomplished through matrix
operations as in standard linear algebra such that a vector, Aj (i
=
l..n) is transformed to
Af'
through a transformation matrix By, (an n x n matrix). Thus a second order tensor serves to
transform one coordinate system to another. In the case stated, B is a rotation matrix which
rotates the vector A by multiplying its components by the directional cosines associated with
the rotation about a coordinate axis.
As an example, consider the case where, given a vector V comprised of components
Vj (i
=






cos0 V,- sinG V2 + 0V3
V2'
=
sine V2 + cos6 V2 + 0 V3 4.2
V3'






Here, a^ represent the components of the transformation matrix A, a second order
tensor. Multiple transformations of a vector in 3 space can be accomplished by successive
use of transformation matrices in the form {V}
=
[A][B][C]{V} where A, B, and C are
transformation matrices related to the Cartesian coordinate system and the order of operation
is [A] ( [B] ( [C]{V} ) ) with the transformation indicated by C occurring first, that by B
occurring second and that indicated by A occurring last. For these transformations, order is
significant and must be carried out with subsequent transformations occurring in the correct
order. Reverse transformations are carried out by using the inverse of the transformation
matrix multiplied by the transformed coordinate system to transform the vector back to the





For transformation about an axis, or where the transformation matrix is symmetric, the
inverse of the transformationmatrix is equal to its transform i.e.
a^"1
= (a^)1.
Transformations of a second order tensor, examples of which are the stress and strain







where [A] is the matrix (second order tensor) to be transformed, [R] is the transformation
matrix and
[R]T
is the transform of the transformation matrix. The transformation for a fourth




With C being the compliance tensor, discussed later, and a^ the transformation coefficients.
4.2 Stress, Strain, Equilibrium, Compatibility and Continuity
For a study ofmaterials, there are several tensors that are of concern in analyzing the
material properties and stress and strain states. The stress tensor, ay, represents the stress state
of a material at a point where the first subscript (index) indicates the normal of the plane that
is under consideration and the second index indicates the direction in which the component
acts. The strain tensor, Sy, using the same subscript notation, indicates the state of strain at a
point. Both, for our purposes, are assuming that a point is defined by an infinitesimal
parallelepiped as shown in figure 4.1.
If the displacements are small, which we shall assume here, and the products of



















with repeated indices indicating normal stress and strain and non-repeating indices indicating
shear stress and strain. It is of importance to note that shear stress is often indicated by the
symbol Xy with ty
=
ay and the engineering shear strain indicated by Yy often used where yy
=
2y for i * j (yy =Ujj + Ujj). For symmetric tensors the terms in the matrix are equal to terms
with transposed indices as seen here,
4.10
From mechanics of materials and linear elasticity theory, we see that several
requirements are necessary for a material using linear elasticity theory. The body must be in
static equilibrium with Gyj
+ F;
= 0, Fj representing the body force per unit volume. For a
17
material in which the body forces per unit volume are negligible, as in our case, the resulting
equilibrium equation reduces to rjyj
= 0. This expands as follows:
3o\, dcr12 dcru n
- + 12. + = 0
5, d2 53









showing that the sum of the stress components in a given direction must be in equilibrium
(equal to 0). Likewise, the tractions across any surface must be in equilibrium.
For a continuous material, i.e. no tears, disbands or sliding, continuity requirements
must also be met. From the strain and symmetry equations, 4.8 and 4.1 1, we see that there are
6 equations in 3 unknown displacements. Taking the second partial differentials of equations
4.8 yields
Sijjd =1/2(Uijki + Uj,ikl) 4.12
which, upon rewriting by interchanging subscripts gives
w,ij
_ 'Z2 (uk,iij + ui,kij)
6ji.ik
= 1/z Kiik + uijik) 4.13
Engi
= '/ Kkjl + uk,ijl)
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all ofwhich must be satisfied for an unbroken medium.
4.3 Constitutive Equations
Having defined stress and strain, and the conditions imposed upon them, the
relationships between them must also be defined. For a one dimensional model, that
relationship is given by Hooke's Law where
an=Es11 4.15
with E being the elastic or Young's modulus of the material. The elastic modulus is defined
as the slope of the stress-strain curve. For a material in the elastic region, this curve is
19
relatively linear and, material which is not strained beyond this linear region will exhibit a
stress-strain relationship defined by 4.16. When considering material behavior when that
material is loaded in a non-axial direction, or more than one direction, the stress and strain
states of the material are related through the stiffness or compliance matrices. For linear




where Cijkl is the stiffness matrix comprised of the elastic moduli. The stiffness matrix is a
fourth order tensor with 81 independent elastic constants relating the strain and stress terms.
It can be seen that the stress tensor is symmetric with ay
=
aj( , as is the strain tensor with ekl
=
8,k. This reduces the stiffness matrix from 81 independent constants to 36 constants. This
results in the ability to condense the notation used to reduce the number of subscripts from
four to two with the following correlation:
<*1-CT11 CT4_CT23






and Hooke's Law in this notation becomes af
=
CySj with Cy being, in matrix form,
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4.18
4.4 CompositeMaterials
The composite material under consideration is a material that is symmetric about one
plane, in the thickness direction, and can be modeled as a homogeneous anisotropic material.
This is shown in Figure 4.2 for a lamina exhibiting symmetry about the 1-2 plane.
Figure 4.2 Lamina Orientation
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Given this symmetry, the elastic constants in the primed and unprimed coordinate
systems are identical, terms for the x and
x'


































































A material that has a second plane of symmetry, such as the 1-3 plane in Figure 4.2, is
said to be orthotropic and the stiffness matrix further reduces to:
Cu
r
^12 C13 0 0 0
c
















0 0 0 0 Q5 0
0 0 0 0 0 Q66
4.21
22
which yields the constitutive equation for an orthotropic material:
*1 su S12 Su 0 0 0
2 su S22 s2i 0 0 0
*3 Su iS23 S33 0 0 0
7\ 0 0 0 ^44 0 0
Yi 0 0 0 0 S55 0
r^ 0 0 0 0 0 s6
cr.
4.22






















Inverting this matrix gives the compliance matrix and the compliance form of the constitutive
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A = (1- v12v21 -v23v32 -v13v31 -2v21v32v13)/(,23)
Rotation of the stress and strain about one axis is accomplished by use of the
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m = cosO,n = sin#
4.28
Applying the stress and strain transformations to the constitutive equation 4.24 is then












Expanding the stiffness matrix for a monoclinic material about the 3 -axis, or in the
plane of symmetry, results in:
ic}=
Qi r*"12 C 0 0 CI6
Q2 c ĉ23 0 0
C,3 C23 Q3 0 0 Q6
0 0 0 Q4 C45 0
0 0 0 c45 C55 0
r c c 0
^16 *-26 ^36 u 0 c66
4.34
Solving for the terms of this matrix:
Cxx = m4Cu+2m2n2(CX2 + 2C66)+n4C22
Cx2=n2m2(Cu+C22 -4C66)+(n4+m4)cx2
\^s 1 -i til v^ 1 t "1 1 1 v_^ y -i
CX6 =nm[m2(Cxx -CX2-2C66)+ n2{CX2 -C22 +2C66)]
C22=n4Cxx + 2m2n2(CX2+2C66)+m4C22
C23 =n Ci3+m C23
























Following the same format, or taking the inverse of the stiffness matrix, we can derive
the compliance matrix and show the compliance form of the constitutive equation to be:
{s}x = [Sla}x 4.48
































SX3 =m SX3+n S23









S23 = n2SX3 + m2S23 4.55









In expanded form, the stiffness and compliance equations are shown as:
<*x
= cux + Cnsy + Cx3e2 + Cxjxy
y
= C\2x + C22y + C2lz + C26Yxy
gz














= Suex + S]2cry + Sx3az + 516r^
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= Sncrx + S22ay + S23crz + S26rxy
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= Si6o-x + S26ay + S36o\ + S66rxy
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4.4 Reduced Stiffness Matrices





= 0. From 4.64
we can also see that y
=
y^
= 0. We can now re-write the in-plane strain equations as:
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In this case, the reduced compliance coefficients are the same as those of the three
dimensional case (equations 4.50 - 4.62) while the transformed reduced stiffness coefficients





Q22 =n4Qxx +2m2n2{QX2 +2Q66)+m4Q22 4.69
Qx6=nm3{Qu -QX2 -2Q66)+n3m{QX2 -Q22+2Q66) 4.70
Q26=mn3(Qxx -Qn-2Q66)+nm3{QX2 -Q22+2Q66) 4.71
Qee =n2m2{Qxx +m%6 4.72
The Q and S terms, which will be used in the laminate analysis, in these equations, in terms

















4.5 Laminate Stress-Strain Relationships
In order to evaluate composites on a laminate rather than a lamina basis, the relations
between the normal forces and moments and the laminate properties must be determined. We
first make some assumptions regarding the laminate.
1 . Perfectly Bonded Layers
2. Homogeneous Lamina Properties
3 . Individual Lamina are in a State ofPlane Stress
4. Normals to theMid-Plane Remain Normal and of the Same Length
Recognizing that the in-plane normal forces are related directly to the normal stresses






where H and -H are the bounds of the lamina surfaces normal to the z direction from the
midplane, and Nx, Ny, and Nxy are the in plane normal and shear forces. We also see that the
lamina strains are a function of the midplane strains and the curvature (k) of the laminate as
shown below where the superscript k indicates the W1 lamina.
31
M, = {*'},+ *M, 4-76
MMeiyMeNW 4-77
Combining these equations and resolving for the normal forces results in
W}-&rW*+&NM* t.78
Since the strain and curvature are independent of z, the integral over the laminate
thickness can be equated to the sum of the integrals of the individual lamina.
M-t(S?j*)W+tlizNtM 4.79






Noting that the equations for the moments are the same with the exception that an
additional factor ofz is included in each term, the relationship can be shown to be:
M - 1{ I ,
tel"
i
dty }+ { , ffi* <bM 4.83
A=l v J k=\




Combining these equations results in the relationship between the normal forces and
moments and the midplane stresses and curvatures of the laminate as derived from the














It is further noted that these matrices are symmetric and that when expanded the
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It is noted that, for this symmetric laminate in which each ply above the mid-plane is
matched by a ply of the same properties and orientation the same distance below the mid
plane, the coupling terms between the normal forces and the moments (the B terms) are 0 as
the lamina location terms designating distance from the mid-plane are squared. Additionally,
for the case of a symmetric lay-up where the angles between the plies are equal and number 3
or more, termed quasi-isotropic, the A16 and A26 terms are also equal to zero and the panel




Composite materials are those that are comprised of two or more distinct phases or
materials. In the case under study, the composite material consists of two distinct materials, a
reinforcing fiber that is bound in a matrix. In this case it is an eight harness satin weave
carbon fiber reinforcement in a polymer matrix The eight-harness satin weave description
indicates that each longitudinal fiber bundle, or tow, crosses over seven transverse tows and
under the eighth in a repeating pattern.
Laminated prepreg composites are formed by drawing the fibers through the matrix
material, in resin form, forming an impregnated fiber/matrix sheet. The resin is then metered
off resulting in a very accurate fiber/matrix ratio, which, coupled with the mechanical
properties of the fiber and matrix and the orientation of the fiber and the determines the
material properties. This sheet of material is then wound unto a backing material and frozen
so that the resin does not cure, or set-up, before desired. To form the composite panel or
structure, the material is thawed, cut to the proper size and laid up in an orientation that will,
when cured, yield a material with the desired physical properties. The composite panel is
then placed in a ported bag to which vacuum is applied removing any air that may be trapped
between the lamina. The bag is placed under pressure in an autoclave and the assembly and
heated until the impregnating matrix material flows and cures bonding the fibers together
into a laminate. The stacking sequence of lamina determine the overall properties of the
laminate in so much as the directional properties of each lamina contribute to the laminate
qualities.
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Composite materials are usually either uni-directional with all of the fibers oriented in
the same direction or woven. The stacking sequence is typically symmetric about the
midplane of the laminate resulting in a monoclinic material that exhibits with the same
properties through the thickness both above and below the midplane. The stacking sequence
is designated using an annotative shorthand which shows both the number of plies and the
individual ply orientation. In this shorthand, ply orientation is shown by use of a number
indicating the angle at which the primary fiber direction of the lamina, in degrees, is from the
normal or zero degree direction. The angle is shown to be positive if it is clockwise from the
reference orientation and negative if it is counterclockwise. The number of consecutive plies
with the same angle of fiber reinforcement is indicated with a numeric subscript. Subsequent
plies are separated from each other with a slash and again indicated by the angle of
orientation. Sequenced stacks of lamina are typically enclosed with parenthesis and a
numeric subscript indicating the number of times the stack is repeated follows. For
symmetric laminates in which the sequence is mirrored above and below the midplane are
usually enclosed with braces and a subscript of s follows indicating that the shown sequence
is symmetric about the midplane. This annotation is shown below for several laminates.
Stacking Sequence Laminate Annotation No. ofLayers
16 plies at
0







A typical stacking sequence is uni-directional in which all of the lamina are laid
up with the fiber. This laminate can be modeled as a homogeneous material having
distinct orthotropic properties. Furthermore, since the properties of the material are the
same along both primary axes perpendicular to the fiber direction, the material is
transversely isotropic and the number of independent constants in the stiffness and
compliance matrices reduces because E2 + E3 and V23 = V32.
Other standard lay-up sequences for a laminates are the [0ni/90n2]s or cross ply





included in the stacking sequence. Balanced laminates are those angle ply laminates in
which the angle plies are present in the laminate in equal thickness in both the +6 and -6
directions. Amongst these are the quasi-isotropic laminates such as the [(0/45/90)n]s
laminate in which n 8 ply stacks of lamina are laid up into a balanced, symmetric panel.
5.2 Development ofLamina Properties
An example is shown for development of the properties of a laminate from the
lamina properties. In this example, the properties for an 8 ply quasi-isotropic panel will
be developed. In order to develop this set of properties, several conditions must be
imposed on the laminate as outlined below.
1 . The lamina are perfectly bonded together.
2. The lamina will be treated as a homogeneous material with known properties.
3. For a uni-directional lamina, the properties are transversely isotropic.
4. The individual lamina and the laminate will maintain a state ofplane stress
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For this example, we will consider the typical 0 degree properties of a uni
directional carbon reinforced polymermatrix lamina as shown.
Axial Modulus Ei 19.2 Msi
Transverse Modulus E2 1.56 Msi
Poisson's Ratio V12 0.24
Shear Modulus G12 0.82 Msi
Ply thickness t 0.007 in
Lay-up [0/45/90]s
We note that there are eight plies with four distinct ply orientations. The plies are
numbered from the top as shown in Figure 4.1 with the individual ply thicknesses being
zk
-
zk-i and the total thickness being 2H. The thickness for ply one is shown as zi - z0
and the total thickness is 8(zi - zq).
Figure 5.1 Laminate Ply Thickness Annotation
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The material properties for the individual lamina are given by:
F, = -^- =
Ex
"11 4 2 2








































l + 2v12+^L U^-^2)2.
'12
5.4
in which n is the sine of the ply angle and m is the cosine of the ply angle. The apparent
values for the moduli and the in plane Poisson's ratio for the individual plies relative to
the primary axes directions can be calculated from equations 5.1
- 5.4 and are shown








1.92E+07 2.12E+06 2.12E+06 2.50E+07
1.56E+06 2.12E+06 2.12E+06 3.07E+08
0.24 0.292 0.292 0.0195
8.20E+05 1.39E+06 1.39E+06 1.31E+07
0.0195 0.292 0.292 0.240
Table 5.1 Lamina Engineering Properties
In order to develop the stress strain relationships for the laminate, the reduced
stiffness and compliance terms for each lamina are also calculated from 4.50-4.62 and
4.67 4.74. The values of Qij, Qy, Sy and Sy were calculated using an excel spreadsheet,
these values calculated are shown below.
Reduced Compliance Coefficients Reduced Stiffness Coefficients
Sll 5.20833E-08 Qll 19290278.5
S12 -1.25E-08 Q12 376160.4308
S21 -1.25E-08 Q22 1567335.128
S22 6.41026E-07 Q66 820000
S66 1.21951E-06









0 0.785 -0.785 0.524
0 0.707 -0.707 1
1 0.707 0.707 0
Table 5.3 Sine and Cosine Values for Ply Orientations Considered
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5.3 Development ofLaminate Properties
Once the lamina values ofQ and S are calculated, the values for S and Q may be
calculated and then used to determine the coefficients for the laminate stiffness and







5.2083E-08 4.7191E-07 4.7191E-07 4.0064E-08
-1.2500E-08 -1.3785E-07 -1.3785E-07 -7.8125E-10
0.0000E+00 -2.9447E-07 2.9447E-07 0.0000E+00
6.4103E-07 4.7191E-07 4.7191E-07 3.2552E-09
0.0000E+00 -2.9447E-07 2.9447E-07 0.0000E+00
1.2195E-06 7.181 1E-07 7.181 1E-07 7.6220E-08
Table 5.4 Calculated Values for S
0 +45 90
Qn 19290278.5 6222483.623 6222483.623 97958.44553
Q.2 376160.4308 4582483.623 4582483.623 23510.02693
Q.6 0 4430735.844 -4430735.844 0
Q22 1567335.128 6222483.623 6222483.623 1205642.406
$26 0 4430735.844 -4430735.844 0
Q66 820000 5026323.193 5026323.193 51250
Table 5.5 Calculated Values for Q
41
Finally, using equations 4.81, 4.82 and 4.85 repeated here for convenience, the




d = 1-[q](4-4,) 5.7
-> k=\
These values were found to be:
An =445,665 B = 0 Dn = 601
A12= 133,905 B12 = 0 D,2 = 91
AJ6 = 0 B16 = 0 DI6 = 36
A22 = 213,051 B22 = 0 D22=152
A26=0 B26=0 D26 = 36
A66= 152,935 B66 = 0 D66=110
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Yielding a Laminate Stiffness Matrix of:
445,665 133,905 0 0 0 0
231,051 0 0 0 0
'A 5l 152,935 0 0 0








445,665 133,905 0 0 0
















Average stresses for the laminate are determined by normalizing the forces and
moments relative to the laminate thickness.
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6.0 Material and Sub-Element Testing
6.1 Introduction
For this study the test item (sub-element) under consideration is a thick panel formed






composite panels fabricated from a woven carbon
fiber reinforced polymer (CFRP) pre-impregnated (pre-preg) fabric using two
0.01"
plies of
American Cyanamid FM87k film adhesive and a ply ofTrico polyestermesh as shown.
Figure 6.1 Sub-Element Panel
The panel was then drilled, mounted in a fixture and loaded to failure by bending in a bolted
joint configuration as will be described. In order to ascertain the properties of the material
being considered thin panels were first fabricated, test specimens formed and tests performed.
These tests included tensile and shear tests, fiber and void content measurements and
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adhesive strength tests. A description of the materials used, fabrication techniques and tests
performed as well as the results will be given.
6.2 Description ofMaterials and Panel Fabrication
The material used for the fabrication of the test component and coupons was HMF
133/34 manufactured by
Fiberite
of Greenville, TX. This prepreg is comprised of T300
carbon fiber in an eight-harness satin weave configuration impregnated with Fiberite 934
epoxy resin and supplied in
42"
width frozen rolls. Prior to use, the material was kept in
freezer storage then thawed to room temperature before being removed from it's protective
wrap.
Six panels were fabricated from the HMF 133/34 prepreg in order to qualify this
material and fabricate the thick panels for testing. Ply patterns for the panels were cut from
the prepreg in 0, +45, and
90
orientations, placed in kits of 16 plies, re-bagged and
stored at
0
F until needed. The ply kits were removed from the freezer and allowed to







steel plate was used for panel lay-up, bagging, and curing in a
pressurized autoclave. First, the lay-up plate was cleaned, coated with an industrial release
coating, and covered (to within 2 inches of the edges) with Tedlar release film. Eight plies
were laid-up on a clean room table in a quasi-orthotropic orientation ([0/45/90]s) with a
release ply on the bottom. A router, shown in Appendix D, was used to maintain ply
orientation and order. One release ply was placed on the top of the stack with one ply of
45
bleeder material for every four plies ofpre-preg. The ply stack was then placed on the lay-up
plate and high temperature air dam was placed along each edge such that the air dam
extended beyond the corners of the laminate. Fiberglass strands were placed at the corners of
the laminate across the air dam to allow vacuum to reach the laminae. A caul plate covered
with Tedlar placed over the laminate to equalize the pressure over the top face, and the panel
covered with heavy weight breather. A vacuum bag was then placed over the entire ensemble
and vacuum applied at room temperature for several hours to remove entrapped air from
between the prepreg plies. After the de-bulk process the vacuum bag was removed and the
lay-up and bagging procedure was repeated for the next eight plies. The vacuum bagging
procedure and room temperature de-bulk was repeated and the part was autoclave debulked at
180F for 1.5 hr with 100 psi of pressure applied. This lay-up/debulk procedure was repeated
throughout the fabrication process, alternating room temperature and autoclave debulks every
eight plies until full panel thickness was achieved.
After completion, the panel was bagged as described above and autoclave cured at
350F for 2 hrs with 100 psi of pressure applied. The sixteen ply panel underwent two room
temperature debulks during it's processing while the eight ply panels each underwent one
room temperature debulk prior to the final cure. It should be noted that the unidirectional
panels were cured in the same vacuum bag as the thick panels for consistency in the
qualification data. The panels were allowed to cool to 130F before pressure was removed
then removed from the autoclave and de-bagged prior to machining. . The panel
specifications are as shown in Table 6.1.
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Panel No. Layup Dimensions Material Batch/Koll No.
(15idim isO)









31127S Roll 1C, 31121S Roll 4C


















Table 6.1 Panel Lay-up Specifications.
6.3 Material Qualification, Specimen Preparation and Testing
After de-bagging the cured panels, the bagging material was cut away from the edges
of the panel and the panel was ground to remove the remaining air dam. One edge of the
panel was cut to a scribed line that had been made in the top ply coincident with the
0
ply
direction prior to curing with the other three edges cut square relative to the first. Test
specimen coupons were cut from the thin panels using a thin diamond impregnated cutting
wheel with a water based coolant applied to eliminate heat damage during the process.
Specimens were cut to rough dimensions from the thin panels. For the tensile tests,
bow tie specimens were prepared by grinding the gage length to a constant radius 0.50 in
nominal width. Tensile tests were performed on the bow tie specimens in accordance with
ASTM D3039 and tested in accordance with ASTM D3039 and SACMA 4R-94 on an
Instron test machine. Compressive lap shear tests were cut from the 16 ply concurrent panel
with the load axis aligned with the
0
fiber direction, and ground to a length of 3.13 inches.
Notches were machined into the panel faces to approximately 1/2 of a ply thickness beyond
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the centerline of the panel. These notches were machined with the inside edge of each notch
located from the center of the panel leaving a lap length of .25". Compression testing
was performed in accordance with ASTM D-3846.
Incoming quality control testing was performed on the FM 87k film adhesive upon





long. These strips were chemically etched, and rinsed with
distilled water prior to the ends being bonded with a one ply, one-half inch, lap joint. This





sections were bonded using two plies ofFM87k and one ply ofTrico, machined and tested as





beyond the centerline of the panel. These test results are
shown in Table 6.2. Test reports are shown in Appendix B as well as manufacturers data for
the 934 resin and HMF 133/34 material.
Panel ID Lay-Up Value Tested Result
CSCSE-CP1 [0]8 Tensile Strength 100.78 ksi (694.86 MPa)
CSCSE-CP1 Pla Tensile Modulus 9.57 Msi (65.98 GPa)
F1 &F3 [0/+45/-45/90]s Tensile Strength 73.74 ksi (508.4 MPa)
F1 &F3 [0/+45/-45/90]s Tensile Modulus 6.574 Msi (45.326 GPa)
CSCSE-CP2 [0]16 Compressive Strength 9.91 ksi (68.327 MPa)
FM87k 94 Adhesive Single Lap Shear 5.2 ksi (35.85MPa)
CSCSE-CP1 Adhesive Compressive Lap Shear 6.14 ksi (42.33 MPa)
Table 6.2. Thin Panel Test Results
Density determination of the thick panels and the concurrent test panels was
performed in accordance with ASTM D792. The specimens used for the density
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measurement then were placed in a heated acid bath, the matrix digested and the carbon
fibers cleaned and weighed in order to determine the fiber volume (FV) and void content of
the panels. These results are shown in table 6.3 with raw data for the two thick panel
measurements included in Appendix B.
Panel No. Density Mean FV Void Content
CSCSE-1 1.5922 .0059 63.5783 .6198 0.2664
CSCSE-2 1.5864 .0221 63.3147 .9803 0.6129
F-1 1.579 .0008 61. 17 .35 0.67
F-3 1.579 .0012 60.87 .17 0.56
Table 6.3 Density, Fiber Volume and Void Content ofTest Panels
6.4 Thick Panel Fabrication
The thick panels were trimmed in the same manner as the thin panels to
11"
x 18".
One face of these panels was then machined using a grinding wheel to a flat finished surface
with a final panel thickness of approximately .74". The ground faces of the two thick panels
were hand sanded with 400 grit sand paper to assure smoothness and then cleaned with
reagent grade acetone preparatory to the bonding process. Panel lay out and thickness
measurements are shown in Appendix D. The panels were placed together with two layers of
10 mil FM 87k film adhesive separated by one layer of Trico, a polyester mesh used to
enable vacuum removal of entrapped air from between the layers of adhesive. The panels





sections of CSCSE-CP1 ([0]g) used for the compressive lap
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shear test were surface ground and bonded in the same manner as the thick panels. This panel
was cured in the same vacuum bag as the thick panel.
After de-bagging the thick bonded panel (SE #2), it was trimmed, while maintaining
orientation of the long axis with the
0
direction, to a final dimension of
10"
x 16". This
panel was placed on an end mill and the seven one-half inch holes for the bolted joint
connection and the three one-half inch holes for the load train attachment were located and
drilled. The holes were drilled using carbide tools and an aluminum backplate to minimize
damage in the vicinity of the hole and at the back wall of the component. Hole locations are






























The test fixture and component drawings are shown in Appendix C. This fixture was
fabricated from A-36 Steel with the bottom of the fixture base machined flat to within
0.002"
and the surface to which the clamp bars were attached was machined flat and perpendicular
to the bottom surface. The four corners of the baseplate were rigidly attached to the test frame
during the testing of the component. This was done to preclude deflection of the fixture
during testing.
6.5.2 Component Instrumentation
The panel was locally abraded and cleaned prior to the bonding of the strain gages.
The strain gages were applied, wires attached, and all connections were checked before
placing the panel into the fixture. Uni-directional strain gages and 45/90 rosettes were
mounted on the sub element as shown in Figures 6.3 and 6.4. Strain gages were placed on the
bottom of the sub element in positions directly coincidental with those on the top surface.
The one exception to this was the uni-directional gage under the clamp bar, which was
omitted on the bottom surface. The rosettes located under the clamp bar were .2 inches from
the hole perimeter and oriented in a 0/45/90 configuration. In addition, a strain rosette was
placed on the near edge of the sub element. This gage was aligned with the center line of the










































Figure 6.4 Tension Side Strain Gage Location
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6.5.3 Bolt Application
The clamp bars were bolted to the sub-element using
0.50"
K-Monel 500 bolts and to
the test fixture using
0.375"
high strength steel bolts and the load train attachment was
connected to the sub element using high strength
0.50"
bolts. All holes were machined for an
exact fit to minimize bearing stresses as well as to ensure a true fit during the test. The clamp
bars were fabricated such that the fixture side of the clamp bar extended
0.06"
beyond the
end ofpart. This allowed the entire load to be transferred to the support structure through the
bolted connection enabling a more effective analysis of the clamp bars and bolts at the bolted
connection.
A static analysis was performed prior to testing the sub element in order to make an
approximation of the tensile and shear forces that would be seen in the bolts. The joint and
component were designed to maintain integrity of the flange to fixture and load train
attachments while the flange to component attachment and the K-Monel bolts would yield as
the applied load exceeded the design load and the component began to fail. For the steel
bolts, the calculated stress states of the bolts were used to determine a bolt preload which
would prevent joint separation while keeping the bolt stress below the yield stress of the
steel. Anticipated loads and stresses on the bolts were hand calculated using a rigid body
model with a maximum of 20,000 lbf load applied at
12.75"
from the fixture. The system was
modeled as a 2-D structure with two pinned joints at the fixture-flange interface / bolt
centerline. These values are shown in Table 6.4. Based on these results, the flange to fixture
bolts were pre-loaded to 85% ofyield strength while all other bolts were pre-loaded to 40%.
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(in) (ksi) (ksi) (ks.) (KSI)
Top Flange 0.375 Grade 8 Steel 130 0 15 26
Bottom Flange 0.375 Grade 8 Steel 130 110 15 113
Through Component 0.500 K-Monel 500 85 15 109 328
Load Attachment 0.500 Grade 8 Steel 130 102 0 102
Table 6.4 Bolt Stresses with 20,000 lbfApplied
6.5.4 Data Acquisition
The strain data was input into strain conditioners to allow the signals to be balanced
and calibrated. All data was input into a National Instruments data acquisition system NI
1121 using LabView V4.01 software. Data was taken at a rate of 10 Hertz with an averaging
function set up that averaged every 10 data points taken. This resulted in an effective data
acquisition rate of 1 Hertz.
In addition to load, position and strain, a transducer was placed on the top surface of
the panel near the center of the panel to monitor acoustic emission data as the test progressed.
Continuous video and still photography were also used to monitor the test as well as
initiation and progress of damage in the panel.
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6.5.5 Component Testing
The sub element was tested in bending on a 110 kip Instron test frame using a 55 kip
load cell. The load was applied at a constant rate of crosshead motion of
0.05"
per minute.
Load and position data from the Instron was monitored via a 0-10 VDC output from the
Instron control tower. The output signals were matched to the calibrated load and crosshead
deflection readings on the Instron prior to testing.
The required 100% load and position were determined by program requirements. The
load determined as 100%) of operating load was 3100 lbf at a moment arm length of 12.75 in.
the corresponding deflection at the loading point was determined by finite element analysis
(FEA) to be 0.136 in. During the pre-test checkout the panel was loaded in bending until a
deflection of 0.136 in was reached. This corresponded to a load of 2492 lbf as measured on
the Instron test machine. The panel was then unloaded before testing to failure in order to
review the strain data and ensure that the panel was configured correctly.
The panel was then reloaded at the same displacement rate (0.05 in/min) until failure,
which was defined as the point at which the load peaked and was subsequently seen to be
monotonically decreasing, occurred. The panel was then unloaded, disconnected and
removed from the test fixture.
6.6 Test Results
After the test was completed, the data was downloaded into a spreadsheet and the
initial displacement was subtracted out. The average strain over 20 data points of unloaded
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data was also subtracted out of the strain data as background noise before correlation of the
data. The data is shown in appendix B for the checkout test and for the final test to failure.
It can be seen, in the data from the failure test, that when the panel reached a
deflection of 0.136 in the load was 2736 lbfwhich is greater than the 2492 lbf recorded during
the pretest. The data labeled 100%) checkout load and 100%) checkout pos correspond to the
load and position levels reached during the pre-test. Subsequent indicators (100%), 200%),
etc.) refer to percentages of design load. Ultimate failure for this panel was at 515% of design
load. The load vs. displacement data for the 100% checkout and the failure test and strain
gage plots as well as the acoustic emission cumulative counts and cumulative energy vs.
deflection curves are shown in Appendix B. Partial test data from the failure test for the six
uni-axial strain gages located outside of the clamp bars on the panel surfaces is shown below
in Table 6.5, test data for all gages is shown in Appendix B.
time Gage 1 Gage 2 Gage 3 Gage 4 Gage 5 Gage 6 Load Position
(sec) (lbf) (in)
Start Test 31 1.2E-06 -1.2E-05 6.8E-06 1.2E-06 2E-06 -8.7E-06 0 -0.700
100% 220 -0.0011 -0.00106 -0.00119 0.00113 0.00102 0.00108 3103 -0.543
200% 405 -0.0022 -0.00213 -0.00231 0.00215 0.00203 0.00209 6202 -0.389
300% 611 -0.0034 -0.00322 -0.00338 0.00317 0.00305 0.00317 9301 -0.218
400% 830 -0.0044 -0.00425 -0.00438 0.00419 0.00400 0.00418 12400 -0.036
500% 1100 -0.0055 -0.00531 -0.00548 0.00528 0.00496 0.00526 15504 0.189
Failure
(515%)
1145 -0.0057 -0.00548 -0.00562 0.00544 0.00507 0.00545 15960 0.227
Table 6.5 Sub-Element Strain Data
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7.0 Finite Element Analysis
7.1 Initial FEAModel Development
In order to significantly decrease the cost in money, materials, man-hours and time
analytical tools must be used that will allow for evaluation of different configurations
without prototyping each iteration. Towards this end, a Finite Element Analysis (FEA) model
was developed and verified against the experimental results for the thick panel. While
considering the fixtured panel, as shown in Figure 7.1, and the load conditions of the panel it
was determined that a simplified model needed to be developed in order to reduce the size of
the FEA model, number of interaction terms and solution time.
Figure 7.1 Fixtured Test Plate
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A representative slice of the plate along with the clamp bar and bolt section was used for the
first analytical model. Two views of the plate section are shown in Figure 7.2.
Figure 7.2 3-D FEA Model
As can be seen, discrete volumes were joined to create the composite section. This
was done to more easily enable mapped meshing as will be shown. The area under the clamp
bars in the model extends slightly beyond them to allow for sliding between the surfaces
while the small section at the opposite end is centered about the attachment hole location
where the load was applied. This model was imported into ANSYS, the FEA software used
for analysis, once complete.
Once imported, the composite panel section was mapped and meshed with six layers
of twenty node quadrilateral elements while the clamp bars and bolt were free meshed with
ten node tetrahedrals as shown in Figures 7.3 and 7.4. The adhesive layer at the neutral axis
was omitted from the model.
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Figure 7.3 Mesh ofComposite Plate Section
Figure 7.4 Mesh ofClamp Bars and Bolt Section
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The composite panel in this model was model was treated as an orthotropic material
as the woven lamina are transversely orthotropic, the lay-up ([0/45/90]s) is quasi-isotropic
and a global response was being sought. The laminate properties used in the analysis were
primarily derived from test data. Those not available were calculated courtesy of the
Materials Sciences Corporation using one of their proprietary software packages in which
lamina data and the principal axes are used to compute properties of an equivalent
homogeneous material. It is noted that, unlike the laminate example given, plane stress is not

















The properties for the K-Monel bolt and clamp bar were E
= 26 Msi, v
= 0.32 and E =
29 Msi, v
= 0.32 respectively.
The clamp bars and bolt were treated as a contiguous volume in assigning boundary
conditions to the model eliminating the need for contact interfaces along the contact faces.
Three sets of contact elements were created using ANSYS surface to surface elements along
the clamp bar to composite and bolt to composite interfaces. The contact stiffness for these
elements was determined by ^ =_tobe approximately 250,000. The opening contact
/
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stiffness was set to 0. Based on observations by Hollman and Tsujimoto a no friction
interface was chosen for the model.
Boundary conditions for the model were planes of symmetry for the sides
representing cuts from the remainder of the panel fixing the back surfaces of the clamp bars.
A compressive pressure on the bolt head and nut representations correlated with a clamping
force from a bolt pre-load of 40% of yield (3333 lbf on the half bolt). The bending load
applied at the end of the beam, 232.5 lbf correlated with 3100 lbp the design load, applied
across the entire panel. Due to the length of the panel, it was assumed that the load could be
distributed evenly across the panel width.
7.2 Correlation ofFEA Model and Test Results
In order to determine the validity of the FEA model, the model was executed and
results for longitudinal surface strains at nodes located beyond the clamp bars of the fixture
on the compression and tension sides of the panel (Figures 6.3 and 6.4) were checked for
correlation against measured test data. The strain measurements from the analysis and testing
and their distance from the clamp bar are shown in Table 8.1. A third degree polynomial
curve fit was executed for both sets of strain data and interpolated results correlating to the
test strain gage locations was compared to the test results as shown in Table 7.1 and Figure
7.5. It was found that these longitudinal surface strains from the model matched to within
about five percent of the measured strains seen during the sub-component test at the same











































0.19 -0.001108 1.81 0.001063 -0.19
0.20 -0.001060 -0.001102 -3.83 0.001019 0.001061 -3.96
0.60 -0.000963 -5.19 0.001001 0.47
1.08 -0.000873 3.47 0.000934 -0.21
1.64 -0.000833 1.86 0.000862 -0.33
2.29 -0.000808 -2.67 0.000786 0.37
2.52 -0.000790 -0.000791 -0.09 0.000763
2.53 -0.000789 0.000802 0.000761 5.40
3.06 -0.000702 0.82 0.000709 -0.10
Table 7.2 Comparison of Interpolated FEA Strain Readings and Test Data
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+ 5.464E-<Vlx - 1 .202E-03
R2
= 9 556E-01 ? FEA Compression Side Strain
FEA Tension Side Stram
O Measured Compression Strain
Distance from Clamp Bar
D MeasuredTension Strain
Poly. (FEA Tension Side Stram)
Poly. (FEACompression Side Strain)
Figure 7.5 Comparison ofFEA andMeasured Longitudinal Surface Strains
7.3 Final FEA Model Development
From these results, it can be seen that the use of global orthotropic properties is an
effective mechanism for determining the global response of these quasi-isotropic laminate
structures. With confidence that the response could be thus modeled, the second FEA model,
representative of the hole location near the edge of the panel, was created. This model used
the same boundary conditions as the first model with the exception that bolt tensile pre-load
was modeled as well as the clamping force pressure seen in model one and the symmetry
boundary condition was dropped from the vertical surface away from the hole. While the
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mesh density was increased so that response
gradients could be more effectively determined. The increased model mesh density is shown
in Figure 7.6.
Figure 7.6 BeamMesh for Second FEAModel
The equivalent full beam applied load was increased from the design load of 3100 lbf
in the first model to 8000 lbf based on the observed load vs. deflection response of the sub
component. As shown in figure 7.7 this curve shows signs of non-linear response occurring
at a displacement of approximately
0.41"
which correlates to the 8000 lbf load. Indications
from plots of the strain gage outputs also show beginnings of non-linear response at this
point indicating that damage is beginning to occur in the panel.
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Poly. (Load vs Deflection)
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Figure 7.7 Load vs. Deflection Curve for the Sub-Element Test
7.4 Final FEA Model Results
The analysis for the narrow section returns surface strains across the width of the
beam at the bolt hole as shown in Table 7.3. A plot of these surface strains is shown in Figure
7.8. It can be seen that the longitudinal and transverse strains in this area increase










0.0000 8149 -3312 -8677
0.0215 6272 -1733 -8178
0.0453 5049 -1012 -7295
0.0716 4210 -680 -6390
0.1006 3622 -558 -5553
0.1326 3178 -543 -4779
0.1679 2776 -563 -4015
0.2069 2266 -520 -3174
0.2500 1501 -108 -2540
Table 7.3 Surface Strains at Hole Edge









Figure 7.8 Surface Strains at Hole Edge
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7.5 Summary ofAnalytical Results
In the initial analytical model the compared results correlate to within about five
percent of the measured surface strains taken from uniaxial gages mounted longitudinally
beyond the clamp bars. Due to the anticipated use of the materials under consideration and
loading conditions a second FEA model was executed which modeled the conditions in the
most highly stressed area of the configuration under consideration. The loading of this model
corresponds to the point in the load vs. deflection and strain vs. load curves where the
response of the panel begins to show non-linear response indicative of possible failure
initiation. This point was chosen so that the response of the panel in this region could be
compared with highly stressed areas of other configurations under consideration. From this
comparison, it is expected that failure initiation predictions could be made from analytical
results allowing reduced program expenditures in terms of money, man-hours and time to
evaluate and optimize designs before fabrication and testing models or full-scale
components.
Evaluation of the final FEA model shows that scaling the load to the 515% of the
design load, the catastrophic failure load for the test panel, for these linear material properties
result in a longitudinal surface strain at the failure initiation point of 16262 ^strain. This
compares with a surface strain of 11202 ^strain seen in the quasi-isotropic tensile test
specimens at failure. While non-linear material response and configuration of the test
specimen certainly play a strong role in the
failure mechanisms involved, and the response
seen at failure, this comparison indicates that panel response and surface strain data can be
used to draw initial predictive conclusions regarding the relative strength of attachment and
sub-element configurations that may be considered.
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8.0 Conclusions and Recommendations
It was shown in the initial Finite Element Analysis that results from the use of
orthotropic properties determined from experimental results of flat panel testing provide
good correlation with experimental results taken from thick panel tests. For the configuration
under consideration, it is also shown in the test data that non-linear material response for the
panel initiates at a factor of 2.6 above the design load while catastrophic failure occurs at a
factor of 5.15. Comparison of the longitudinal surface strains at the hole for the two models
show an increase of 60% for the hole closer to the edge indicating that this was the probable
failure initiation point and that, for this configuration, the hole should be moved away form
the edge.
It is recommended that future work for this program include calculation of the
laminae strains and stresses and relating them to validated failure theories. While the global
response considerations enable comparison of various configurations for relative merit,
laminate theory failure analysis will provide a more definitive evaluation criteria for those
configurations which are determined to warrant further consideration for this application. It is
also recommended that, due to the cyclic loading conditions of the anticipated application,
fatigue issues relative to the materials under consideration be studied in order to better
develop the required factor of safety for this application. This will enable a failure criterion
for the component to be established as a baseline for determining the allowable response of
the material under applied loads for analytical evaluation.
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Lamina and Laminate Property Spreadsheet





















0 0.785 -0.785 0.524
0 0.707 -0.707 1
1 0.707 0.707 0







1.92E+07 2.12E+06 2.12E+06 2.50E+07
1.56E+06 2.12E+06 2.12E+06 3.07E+08
0.24 0.292 0.292 0.0195
8.20E+05 1.39E+06 1.39E+06 1.31E+07
0.0195 0.292 0.292 0.240


















5.2083E-08 4.7191E-07 4.7191E-07 4.0064E-08
-1.2500E-08 -1.3785E-07 -1.3785E-07 -7.8125E-10
0.0000E+00 -2.9447E-07 2.9447E-07 0.0000E+00
6.4103E-07 4.7191E-07 4.7191E-07 3.2552E-09
0.0000E+00 -2.9447E-07 2.9447E-07 0.0000E+00








1.9290E+07 6.2225E+06 6.2225E+06 9.7958E+04
3.7616E+05 4.5825E+06 4.5825E+06 2.3510E+04
0.0000E+00 4.4307E+06 -4.4307E+06 0.0000E+00
1.5673E+06 6.2225E+06 6.2225E+06 1.2056E+06
0.00O0E+00 4.4307E+06 -4.4307E+06 0.0000E+00
8.2000E+05 5.0263E+06 5.0263E+06 5.1250E+04
Lamina Distance FromMid-plane and orientation (Plies numbered from top ofpanel)













































LaminaDirectional Engineering Properties as a Function ofMeasured Properties
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Material and Sub-Component Test Results
Applied Research Laboratory
Post Office Box 30
State College, PA 16804-0030
0 Deg. Tensile Test (SACMA 4R-94) - US Customary
Last Modified: 3 January 1997 By: L. H. Strait
Test type: Tensile






Full Scale Load Range:
Project: Blade Attachment Study
Material: T300/934 Batch 31 121 S
Layup: [0]8
Condition: As-Molded
Comments: Concurrent Panel CSSE-CP1
Specimen Geometry: Rectangular
Instron Corporation
Series IX Automated Materials Testing System






















Sample comments: All specimens failed at gage section radius
0 Deg. Tensile Test (SACMA 4R-94) - US
Chord Young's
Width Thickness Moisture Maximum Maximum Modulus Modulus Poisson's
Content Stress Strain 0.1-0.3% Auto.Calc. Ratio
(in) (in) ( Wto) (ksi) () (msi) (msi) (l-.3o)
1 CP1-1 0.504 0.1100 0 101.082 1.029 9.5038 10.3245
2CP1-4 0.504 0.1100 0 97.673 0.977 9.5985 10.4746
3CP1-5 0.508 0.1110 0 103.479 1.054 9.5726 10.3238
4CP1-3 0.508 0.1100 0 98.890 0.998 9.5326 10.3762
5CP1-6 0.510 0.1100 0 102.781 1.027 9.6398 10.4738
Mean 0.507 0.1102 0 100.781 1.017 9.5695 10.3946 0
S.D. 0.003 4.47E-4 0 2.480 0.030 0.0536 0.0757 0
C.V. 0.529 0.4058 0 2.461 2 922 0.5599 0.7285 0
Applied Research Laboratory
Post Office Box 30
State College, PA 16804-0030
0 Deg. Tensile Test (SACMA 4R-94) - US Customary
Last Modified: 24 March 1997 By: L. H. Strait
Test type: Tensile
Operator name: C. L. Rachau
Sample Identification: LS97049
Interface Type: 4200
Sample Rate (pts/secs): 2.0000
Crosshead Speed: 0.0500
2nd Crosshead Speed: 0.0000












Extensometer G.L.: 1.0000 in
Specimen G. L.: 2.0000 in
Sample comments:
0 Deg. Tensile Test (SACMA 4R-94) - US
Instron Corporation
Series IX Automated Materials Testing System
Test Date: Monday, May 12, 1997
7.30.00





Width Thickness Moisture Maximum Maximum Modulus Modulus Poisson's
Content Stress Strain 0.1-0.3% Auto.Calc. Ratio
(in) (in) ( wt% ) (ksi) (%) (msi) (msi) (.1-3%)
1 F1-B2 0.508 0.1080 0 74.329 1.0861 6.8322 6.9546
2F4-6 0.510 0.1100 0 75.829 1.1623 6.5928 6.6738
3 Fl-Al 0.515 0.1150 0 69.818 1.1074 6.3875 6.4961
4 F1-D4 0.506 0.1125 0 72.921 1.1314 6.3058 6.4567
5 F3-5 0.510 0.1110 0 75.676 1.1161 6.7641 6.8730
6F1-C3 0.498 0.1110 0 73.863 1.1177 6.5619 6.6573
Mean 0.508 0.1113 0 73.739 1.1202 6.5740 6.6853 0
S.D. 0.006 0.0024 0 2.215 0.0255 0.2049 0.1984 0
C.V. 1.117 2.1224 0 3.003 2.2746 3.1175 2.9672 0
Applied Research Laboratory
Post Office Box 30
State College, PA 16804-0030
Compressive Lap Shear Test (ASTM D-3846) - US Customary










Series IX Automated Materials Testing System
Test Date: Thursday, January 09, 1997
7.30.00
Sample Rate (pts/secs): 10.0000
Crosshead Speed: 0.0500 in/min
2nd Crosshead Speed: 0.0000 inmin
Full Scale Loud Range: 30000.000 lbf
Project: Blade Attachment Study
Material: T300/934 Batch 3 1 12 1 S Roll 4C
Layup: [0]16
Condition. As-Molded
Comments Concurrent Panel CSSE-CP2
Sample comments: fixture tightened to 5 in lb
Compressive Lap Shear Test (ASTM D-3846)
Humidity ( % ): 50
Temperature: 75 F
Moisture Maximum Maximum
Content Width Lap Length Load Stress
( wt%) (in) (in) (kip) (ksi)
1 CP2-14 0 0.5010 0.2660 1.3570 10.1826
2CP2-15 0 0.5010 0.2680 1.3530 10.0769
3 CP2-16 0 0.5010 0.2680 1.3170 9.8087
4CP2-17 0 0.5000 0.2680 1.3340 9.9552
5CP2-18 0 0.5000 0.2690 1.2810 9.5242
Mean 0 0.5006 0.2678 1.3284 9.9095
S.D. 0 5.48E-4 0.0011 0.0309 0.2566
C.V. 0 0.1094 0.4091 2.3297 2.5893
Applied Research Laboratory
Post Office Box 30
State College, PA 16804-0030
Tensile Lap Shear (Adhesive)
Last Modified: 14 December 1996
Data rate set to 4 points per second
Test type: Tensile






Full Scale Load Range:
By: D.F, Dreese
Instron Corporation
Series IX Automated Materials Testing System
































Sample comments: Specimen failures predominently cohesive
- #2was approx 35% adhesive failure





(in) (in) (lbf) (psi )
1 96-1 1.010 0.525 2760.000 5205.09
2 96-2 1.006 0.506 2536.000 4981.97
3 96-3 1.005 0.499 2753.000 5489.59
4 96-4 1.006 0.501 2629.000 5216.21
5 96-5 1.007 0.503 2598.000 5129.11
Mean 1.007 0.507 2655.200 5204.39
S.D. 0.002 0.010 98.380 184.81
C.V 0.191 2.071 3.705 3.55
Mean -2.00 SD 1.011 0.528 2851.961 5574.01
Mean -2.00 SD 1.003 0 486 2458.439 4834.77
Applied Research Laboratory
Post Office Box 30
State College, PA 16804-0030
Compressive Lap Shear Test (ASTM D-3846) - US Customary










Series IXAutomated Materials Testing System
Test Date: Thursday. February 06, 1997
7.30.00
Sample Rate (pts/secs): 10.0000
Crosshead Speed: 0.0500
2nd Crosshead Speed: 0.0000
m'min
in/min
Humidity ( % ): 50
Temperature: 75 F
lbfFull Scale Load Range: 30000.000
Project: Blade Attachment Study
Material: T300/934 BAtch 31 12 IS Panel CSSE-CP1
Layup: Boned w/ 2 plies FM87k and 1 trico
Condition: FM87k Batch 265--005
Comments Cured :a) 260 F 120 mm
Sample comments: Fixture tightened to 5 lb-in Failure adhesive interlaminar shear of composite
Compressive Lap Shear Test (ASTM D-3846)
Moisture Maximum Maximum
Content Width Lap Length Load Stress
( wt%) (in) (in) (kip) (ksi)
1 2 0 0.5000 0.2490 0.7901 6.3462
24 0 0.5010 0.2490 0.7651 6.1331
3 6 0 0.5000 0.2490 0.7836 6.2940
48 0 0.5010 0.2490 0.7361 5.9006
5 10 0 0.5000 0.2500 0.7514 6.0112
Mean 0 0.5004 0.2492 0.7653 6.1370
S.D. 0 5.48E-4 4.47E-4 0.0223 0.1872
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Data Sheet 934 EPOXY RESIN
3508F(177C)cure
Available in a broad range
of fibers and forms including
tape, fabric and roving
Large industry database














Fiberite 934 resin is a high flow, 350F (177eC) curing,
epoxy resin with good 200F (93C) wet and 3S0F
(177aC) dry service capability. Fiberite 934 is
formulated for autoclave processing, but it has been
successfully processed by press molding. Uni
directional tape and woven fabric impregnated with 934
resin will retain good tack and drape for at least
10 days at 70F (21C). Standard cure is for two
hours at 3506F (177CC). No post cure is required for
350F (177C) dry service capability. Fiberite recom
mended lay-up procedure is L-3 or L-6.
Recommended cure procedure is C-5 or C-9.
Fiberite 934 can be impregnated via hot melt or
solution technique on all available fibers and fabrics.
Typical applications for Fiberite 934 include structural
aircraft components and critical space structures.
Fiberite 934 meets all NASA outgassing requirements.







































The data listed has been obtained tram carefullycontrolled samples considered to be representativeof the productdescribed. Because the
properties of this productcan be significantly affected by the fabrication and testing techniques employed and since Fiberitedoesnot control
the conditions under which its products are tested and used, Fiberite cannotguarantee that the properties listed will be obtained with other
processes and equipment.
November 15, 1995 (Rev, E) 934/Page 1




Data Sheet 934 EPOXY RESIN
934 VISCOSITY PROFILE









































The data listed has been obtained from carefully controlled samples considered tobe representative of the productdescribed. Because the
properties of this productcan be significantlyaffected by the fabrication and testing techniquesemployed and since Fiberite doesnot control
the conditions underwhich Its products are tested and used, Fiberite cannot guarantee that the properties listed will be obtained with other
processes and equipment.
934/Page 2 November 15. 1995 (Rev. E)





STANDARD MODULUS (33 Msi/228 GPa CLASS)
CARBON FIBER REINFORCED
8 HARNESS SATIN FABRIC













































Property values listed are typical for laminates with 55 to 60% fiber volume.
The data listed nas been obtained from carefully controlled
samples considered to be representative of the product described. Because the
propertiesofthis product can be significantlyaffected by the fabrication and testing
techniques employed and since Fiberite does notcontrol
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